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Introduction. Heat and moisture transfer processes in the aeration zone play an important
role in the precipitation-runoff (P-R) relationship for river basins where seasonal soil
freezing/thawing occurs. Seasonally frozen soil can significantly influence the amount of runoff
generated during winter and spring. Lack of vegetation during winter, shallow snow cover, and cold
temperature are ideal conditions for formation of deep frost. Such conditions are common in the
upper Midwest of the United States and in northern Russia.

Considerable theoretical research has been done to study the physical processes of soil
freezing/thawing at a point and over a small plot area (Dingman. 1975; Motovilov, 1977). However,
most basin-scale P-R models have not considered the effect of frozen soil. Many P-R models do
consider the effect of smowfall by including additional equations representing the snow
accumulation/melting processes. But this is done without substantial changes in the equations
describing the runoff formation processes. This approach may not be effective in representing either
the snow accumulation/melting or the snowmelt/rainfall-runoff (S/R-R) processes in cold regions
because the water-absorbing properties of the soil in these regions vary considerably in response to
soil freezing/thawing. Conceptual approaches to accounting for the effect of frozen ground on
runoff were proposed in the Hydrometeorological Center Model of Russia by Koren (1980), and in
the Sacramento Soil Moisture Accounting Model by Anderson and Neuman (1984). These simple
approaches showed promise in improving runoff simulation in the cold regions of the United States
and Russia during winter and spring.

This paper presents a methodology to model the effect of frozen ground on S/R-R processes
by using a limited number of variables to account for energy exchange in the aeration zone.
Although the frozen ground model could be coupled with any commonly available P-R models, most
of the results and analyses presented here were obtained on a Simple Water Balance (SWB) model
developed by Schaake et al. (1995).

Frozen ground model. A distinguishing feature of the S/R-R processes in lowland basins
is the possible formation of a practically impermeable layer in the frozen soil. Some critical
conditions of water/heat storage in soil have to exist to create this layer. Laboratory experiments
showed that, depending on soil moisture content and other physical soil characteristics, an
impermeable layer can be formed only if the soil temperature is below some critical value
(Komarov, 1957). These experiments also established some empirical relationships between the
depth of frozen soil and soil temperature.

Some field experiments showed that the extent of the impermeabie layer in a basin is related
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to the product of basin average frozen depth, Z, and soil moisture content, w. Here we assume that
in a particular basin there exists a certain critical value of the product, U,=Zw, above which soil is
practically impermeable. We also assume that Z and w are independent random variables with
probability density functions f{Z) and f{w). Under these assumptions, the fraction of the area on
which the impermeable layer is formed is:

 Ufw
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There are very limited data available to obtain the probability density functions of frozen
depth and soil moisture content. Analysis of the measurements for a few basins in the European part
of Russian showed that, in general, /{Z) and f{w) can be approximated by Gamma distribution. A
practical equation for computing F, was obtained by assuming that soil moisture distribution is
- uniform and that the distribution of frozen depth is defined as 2 Gamma distribution with its
parameter rounded to the integer vaiue (Koren, 1980). i.e..
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where a;, is a parameter in the distribution function of frozen depth.

The equation for calculating the areal average frozen/thawed depth was obtained from a heat
transfer equation on the assumption that there is no heat transfer across the lower boundary of the
soil layer. The temperature distribution in the frozen layer and in the snow cover is linear. At sub-
zero temperature all soil moisture is in a solid state. Conversely at positive temperature, soil
moisture is in a liquid state. Water percolating during thawing does not participate in heat-transfer
processes. L.e.,
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where H and T are the snow depth and surface temperature averaged over the time interval dz, L is
the latent heat of ice fusion, [ is the thermal conductivity of the frozen/thawed soil, A, is the thermal
conductivity of snow. Snow depth and density were calculated by taking into account snow
compacton. '

Coupling with water balance and snowmelt models. The frozen ground model was
coupled with the Simple Water Balance (SWB) model (Schaake, et al., 1995). The SWB model is
essentially a conceptual model controlled by five parameters. The spatial variability of the main
variables is accounted for by probability averaging. The space scale can be 2 pixel in the remote
sensing array, a small catchment, a river basin or a GCM grid cell.

Consider a column of the land surface as a two-layer system with a rather thin upper layer
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and a deeper lower layer. The upper.layer is a short-term retention storage that is used mainly to
represent the capacity of the vegetation canopy to hold water. It also represents the capacity of the
soil surface to store water in small depressions and/or in the first few millimeters of soil surface.
Inflow to this upper layer is precipitation. All inflow will be retained until the water storage
capacity is filled. The excess inflow, P, becomes input into the lower layer. Water evaporates from
the upper layer at the rate of potential evaporation. The lower layer is the main soil moisture storage
reservoir. Its capacity depends mostly on the rooting depth and soil porosity. Both surface and
subsurface nmoff and evapotranspiration are outflows from this layer. Evapotranspiration from the
lower layer takes place only when there is not enough water to evaporate from the upper layer. The
actual evapotranspiration in the lower layer depends on soil moisture content of the lower layer and
the spatial variation pattern of maximum soil moisture holding capacity in the upper layer.” An
exponential distribution is used to account for the spatial variation of the maximum soil moisture
holding capacity in the upper layer. The actual evapotranspiration in the Jower zone is less than or
equal to the residual potential evapotranspiration after the upper layer evapotranspiration is met.

Subsurface runoff is assumed to be a linear function of the lower layer moisture content in
.excess of a minimum threshold. The surface runoff equation is obtained as the spatial average of
the probability distribution of point values. It is assumed that surface runoff at any point is-
controlied by a rumoff excess mechanism. In the coupled version of the frozen-ground/SWB model.
the portion of the basin with an impermeable layer produces direct surface runoff. Therefore, the
* total surface runoff is computed by:

O, =0(1-F)+P.F, ‘ @
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where where O, is surface runoff
calculated without frozen ground.
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Figure 1. Precipitation-runoff relationship for flood events
during warm and cold seasons. Soil moisture in mm is at the
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approximate solution of the
Anderson-Yosida's equation,
which accounts for the effect of
the snow compaction (Anderson,
1976). '



Results and Discussion. The mode] was tested on the Root River basin at Lanesboro (1593
km?), located in Minnesota. The basin is generally flat to rolling, and predominately agricultural.

Six hourly precipitation and temperature, and daily potential evaporation and discharge data
were collected for water years 1964 through 1972. The mean monthly temperature varies from 21
°Cin Julyto -12 °C in January. During some winters snow accumulated early, insulating the ground.
During other years the ground froze to depth of up to 2 m before any substantial snow accumulation
developed. Thus, the freezing processes are very important for runoff formation in this basin.
Figure 1 displays differences of the runoff coefficients for cold- and warm-season flood events.
Using only the soil moisture content can not explain the significant differences in the amount of
runoff generated by precipitation events of similar size.

The following numerical
experiments were conducted. First
the SWB model was calibrated
without the frozen ground
component. The model performance
was very poor. Winter time floods (a) Mean Monthty Precipitation (P), Evaporation (EP)

were  usually underestimated. 200
Summer time floods, on the other 150 | Eotential 7
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component incorporated. The 0
critical value of the ice content. U, (b) Mean Monithly Observed and Simulated Streamfiow
was calibrated along with the five 1200 :
water balance model parameters. 900F [— Ops
Inclusmq of the frozen ground @ 0| |- e :
model significantly improved the © , ) :
resuits. The mean root square errors 30or oo TR s :
of daily observed and simulated 08 — )
streamnflow values were reduced (c) Mean Monthty Soil Moisture (SM) and Ice Content
from 16.8 cms to 10.2 cms. 500 ;
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Figure 2 shows the monthly 5300} | . izg Conter e — !
averaged water balance compoments  © 200f T m===m o T T~
both with and without the frozen 100 e T ]
ground model. Itis clear ﬁom this Oct b];v Déc Jaﬁ Féb Mér Aﬁr May JL:m J;Jl Aug Sep
figure that, without considering the Month
frozen ground, rmoff was
underestimated significantly, while
soll  moisture content was Figuare 2. Comparison of observed and simulated
overesimated during spring and monthly time series. (FC - frozen ground component
early summer. As a result the actual included; No FC - otherwise)
evaporation is overestimated for that :
period.
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An example of observed
and simulated frozen and smow

() Observed and Simulated Frozen Depth in 1968 depths is presented in Figure 5.
OT ' ' ‘ ' ‘ ~x~ - | The observed data were obtained
from general frost-depth maps for

Wisconsin. Considering that the
Root River is about 100 km from

'i the Wisconsin border, the match
. | between the observed and
-150 50 o0 0 40 10 180 200 simulated frozen depths is quite

DAY reasonable.

(b) Observed and Simulated Frozen Depth in 1871

= . ' o= /’ T Summary. The resuits
: = | indicate that the inclusion of a
< -50r % frozen ground component in S/R-R
5 * Obs i models can significantly improve
-100- |— Sim 1 the runoff simulation. Without
_ ‘ | considering frozen ground, runoff
-150 80 0 0 140 1e0 180 200 would be underestimated
DAY substantially, while evaporation

fluxes and soil moisture storage
would be overestimated during
spring-summer season. This study
takes a simplistic conceptual
_ approach to model the frozen
ground. Only conventional hydrologic data and temperature data were used. To evaluate the frozen
ground model more comprehensively, measurements of snow cover, frozen depth and soil
temperature profile will be needed. :

Figure 3 Observed and simulated frozen depth near
the Root River
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